1 Photocatalytic (> 300 nm) conversion of L-(S)-lysine (L-Lys), in its neutralized aqueous solution, into L-pipecolinic acid (L-PCA) under deaerated conditions at 298 K was investigated in detail using suspended TiO 2 powders (Degussa P-25, Ishihara ST-01, and HyCOM TiO 2 ) loaded with platinum (Pt), rhodium (Rh), or palladium (Pd). A common feature of the results of experiments using a wide variety of metal-loaded TiO 2 photocatalysts is that the rate of PCA formation (r PCA ) was greatly reduced when higher optical purity of PCA (OP PCA ), i.e., enantio excess of the L-isomer of PCA, was obtained; higher r PCA was achieved by the use of Pt-loaded TiO 2 powders, while these powders gave relatively low OP PCA . Selectivity of PCA yield (S PCA ), i.e., amount of PCA production based on L-Lys consumption, also tended to increase with decrease in OP PCA , giving a master curve in the plots of OP PCA versus S PCA . Among the TiO 2 powders used in this study, HyCOM TiO 2 showed relatively high OP PCA and S PCA but not optimum S PCA and OP PCA simultaneously. In order to interpret such relations, the mechanism of stereoselective synthesis of the L-isomer of PCA (L-PCA) was investigated using isotope-labeled α- found to be independent of the kind of photocatalyst, especially the loaded metal, while the latter was influenced markedly only by the loaded metal. It was clarified that OP PCA and S PCA obtained for various TiO 2 powders used in the present study were strongly governed by the reduction stage, i.e., the efficiency of reduction of two types of CSB. When S PCA was relatively low, photocatalysts, favoring the reduction of α-CSB rather than ε-CSB, gave higher OP PCA but lower S PCA , since some 2 ε-CSB remained unreduced to give racemic PCA. In contrast, at higher S PCA , both CSB's were reduced non-selectively and OP PCA was found to be determined mainly by the selectivity in the oxidation stage. The relatively low yield of molecular hydrogen (H 2 ) when higher S PCA was achieved is consistent with the mechanism in which H 2 liberation occurs instead of the reduction of CSB's by e -. Thus, the general tendency of plots between OP PCA and S PCA could be explained by the above-described redox-combined mechanism of photocatalysis.
1 Photocatalytic (> 300 nm) conversion of L-(S)-lysine (L-Lys), in its neutralized aqueous solution, into L-pipecolinic acid (L-PCA) under deaerated conditions at 298 K was investigated in detail using suspended TiO 2 powders (Degussa P-25, Ishihara ST-01, and HyCOM TiO 2 ) loaded with platinum (Pt), rhodium (Rh), or palladium (Pd). A common feature of the results of experiments using a wide variety of metal-loaded TiO 2 photocatalysts is that the rate of PCA formation (r PCA ) was greatly reduced when higher optical purity of PCA (OP PCA ), i.e., enantio excess of the L-isomer of PCA, was obtained; higher r PCA was achieved by the use of Pt-loaded TiO 2 powders, while these powders gave relatively low OP PCA . Selectivity of PCA yield (S PCA ), i.e., amount of PCA production based on L-Lys consumption, also tended to increase with decrease in OP PCA , giving a master curve in the plots of OP PCA versus S PCA . Among the TiO 2 powders used in this study, HyCOM TiO 2 showed relatively high OP PCA and S PCA but not optimum S PCA and OP PCA simultaneously. In order to interpret such relations, the mechanism of stereoselective synthesis of the L-isomer of PCA (L-PCA) was investigated using isotope-labeled α- ) and the efficiency of reduction of α-CSB (produced via ε-amino group oxidation to give optically pure PCA) and ε-CSB (produced via α-amino group oxidation to give racemic PCA) by photoexcited electrons (e -) were calculated. The former was found to be independent of the kind of photocatalyst, especially the loaded metal, while the latter was influenced markedly only by the loaded metal. It was clarified that OP PCA and S PCA obtained for various TiO 2 powders used in the present study were strongly governed by the reduction stage, i.e., the efficiency of reduction of two types of CSB. When S PCA was relatively low, photocatalysts, favoring the reduction of α-CSB rather than ε-CSB, gave higher OP PCA but lower S PCA , since some 2 ε-CSB remained unreduced to give racemic PCA. In contrast, at higher S PCA , both CSB's were reduced non-selectively and OP PCA was found to be determined mainly by the selectivity in the oxidation stage. The relatively low yield of molecular hydrogen (H 2 ) when higher S PCA was achieved is consistent with the mechanism in which H 2 or cadmium(II) sulfide (CdS). 6, 7 This photocatalytic synthesis proceeds under atmospheric pressure at room temperature and needs no protection of the functional groups in L-Lys. To the best of our knowledge, this is a unique example of catalytic one-step synthesis of L-PCA from L-Lys and a greener process compared with the conventional synthetic methods. Since h + and e -produced in a particle must be consumed on the surface of each particle in the photocatalytic reaction by semiconductor particles, the sites for oxidation and reduction might be located nearby, enabling induction of a redox-combined reaction. Several examples of such redoxcombined photocatalytic reactions have been reported. [23] [24] [25] [26] [27] [28] [29] Optical purity of the product PCA (OP PCA ) was found to depend on the kind of photocatalyst;
TiO 2 and CdS-based particulate photocatalysts gave L-excess and almost racemic PCA, respectively. 6 This dependence of OP PCA has been attributed to the difference in the position, i.e., which amino group in L-Lys undergoes preferential oxidative attack by h + ; as shown in Scheme 1, oxidation of an α-amino group into α-keto acid leads to the loss of chirality, whereas oxidation of an ε-amino group has no effect on the optical activity. Infrared spectroscopic analyses of the behavior of L-Lys adsorbed on thin film photocatalysts suggested that h + in CdS can oxidize only the α-amino group, while TiO 2 oxidizes the ε-amino group predominantly. 30 Therefore, in order to achieve high OP PCA in the photocatalytic synthesis of PCA from L-Lys, the use of a TiO 2 -based photocatalyst is preferable, though we have not been able to obtain optically pure PCA by TiO 2 photocatalysis due to the partial contribution of the α-amino group oxidation route, and further regulation is therefore needed for application of this photocatalytic process to practical organic synthesis.
The above results lead to a strategy for producing optically active PCA through the preferential oxidation of an ε-amino group in L-Lys by changing the surface physicochemical properties of the catalysts with the loading of co-catalysts. In this paper, we describe the results of a study on the effects of various TiO 2 powders and co-catalysts on photocatalytic PCA synthesis. We have attempted to provide an overview for the correlation and improvement of OP PCA , selectivity for PCA production, and PCA yield of the above-mentioned reaction systems with focus on the reaction mechanism, which was investigated by measurement of isotopic distributions of nitrogen ( 
EXPERIMENTALS AND METHODS

Materials
Commercial introduced into the vessel with increase in temperature up to 773 K, and the vessel was kept at this temperature for 3 h. The vessel was inclined and rotated at ca. 70 rpm throughout the reduction process to avoid heterogeneity. In all catalyst preparation procedures, the content of metal was 2%, calculated as the weight ratio of loaded metal to TiO 2 .
Photocatalytic Reaction and Product Analysis
A metal-loaded catalyst (50 mg) was suspended in an aqueous solution (5.0 cm 3 ) containing L-Lys (100 µmol) and photoirradiated by a high-pressure mercury arc (Eiko-sha, 400 W) under Ar.
The photoirradiation was performed through a cylindrical Pyrex glass filter and a glass reaction tube This highest r PCA corresponded to photonic efficiency of 11% on the assumption of a two-electron process as discussed later. It is notable that almost complete consumption of L-Lys was achieved by 0.5-h irradiation of this photocatalyst, while other TiO 2 powders required an hour or more of irradiation. However, with respect to OP PCA , the photocatalytic performance of these Pt-loaded TiO 2 powders was poor in comparison with that of other metal-loaded samples.
As described before, the present photocatalytic reaction has been proved to proceed via a , and the observed dependence of photocatalytic performance on the kind of loaded metal is thought to be due to the difference in catalytic abilities of these metals for CSB reduction as is discussed later.
There was appreciable dependence of photocatalytic activity on the kind of TiO 2 powder; the HyCOM TiO 2 powders showed high r PCA when any kind of metal was loaded. For example, even when HyCOM TiO 2 loaded with Rh, which reduced each r PCA of Pt-loaded HyCOM, P-25, and ST-01 powders, was used, the r PCA was still higher than those of other TiO 2 powders loaded with Pt.
High photocatalytic activity of HyCOM TiO 2 powders, similar to that found in the present study, has been observed in various liquid-phase photocatalytic systems and might be due to well-balanced structural features of HyCOM TiO 2 powders; i.e., high crystallinity and large surface area, leading to lesser recombination between e -and h + and greater adsorption of substrates, respectively. 7, 31, 35 Detailed discussions on the correlation between photocatalytic activity and physicochemical properties of HyCOM TiO 2 powders will be published elsewhere. It can also be seen in Fig. 2 
Mechanistic Insights into Photocatalytic Reaction of L-Lys
As shown in Scheme 1, the overall process of photocatalytic production of PCA from L-Lys consists of three steps: oxidation of one of the amino groups of L-Lys with h + to yield imines, hydrolysis of imines into α-keto acid and δ-aldehyde along with the release of ammonia (NH 3 ) followed by intramolecular condensation between residual amino groups and the carbonyl group into two types of cyclic Schiff base (CSB) intermediates, and reduction of CSB's formally by e -along with addition of protons to yield the final product, PCA. Thus, observed OP PCA and S PCA must be governed by the selectivities of both oxidation (which amino group in L-Lys is oxidized) and reduction (efficiency in reduction of CSB's). In order to interpret the observed difference in photocatalytic performances of several metal-loaded TiO 2 powders, the selectivity in each stage should be evaluated separately, and we have therefore tried to determine the isotopic distributions of . From the amounts of α-CSB and ε-CSB, P 15 in PCA (46%), and total yield of PCA (34%), f α and f ε were calculated to be 57 and 78%, respectively. Similarly calculated f α and f ε for specific metal-loaded TiO 2 powders are given in Table 1 .
As expected from the above results and discussion, f α and f ε varied depending on the kind of photocatalyst. It seems that f ε showed a more marked dependence than did f α , and the dependence was closely related to the photocatalytic performance. As for the results of photocatalytic reaction in which S PCA is relatively low, e.g., by Pd-loaded HyCOM TiO 2 , favoring the reduction of α-CSB gave higher OP PCA as well as a higher yield of H 2 . This trend is consistent with the proposed mechanism of a relatively large part of ε-CSB remaining unreduced and production of a by-product of H 2 preferably proceeding instead of the reduction of CSB's, especially ε-CSB, by photoexcited electrons. On the other hand, at higher S PCA , e.g., by Rh-loaded P-25, both CSB's were reduced nonselectively, and OP PCA thereby became lower than that of Pd-loaded HyCOM TiO 2 . Thus, OP PCA is governed mainly by the selectivity in the oxidation stage. Relatively high S PCA was achieved by Ptloaded P-25 and HyCOM TiO 2 . For these metal-loaded photocatalysts, the reduction of both ε-CSB and α-CSB proceeds efficiently, leading to much lower OP PCA . Accordingly, the general relation between S PCA and OP PCA on several metal-loaded TiO 2 powders, as shown in Fig. 2 , could be explained on the basis of the redox-combined mechanism of PCA production.
Thus, the stereoselectivity of the final product, PCA, is determined by the kind of metal that works as a catalyst for the reduction of CSB intermediates. It is reasonable to expect that reduction of α-CSB is easier than that of ε-CSB due to the steric hindrance by the carboxyl group. The catalytic ability of Pd, which gave a relatively low f ε , is thought to be lower that of Pt or Rh; it is well known that Pt acts as an efficient catalyst for reduction of protons or some organic compounds in deaerated aqueous TiO 2 photocatalytic systems, but there have been few reports on Pd-loaded samples. Actually, we have observed much lower photocatalytic activity on Pd-loaded TiO 2 powders in H 2 production from deaerated aqueous methanol solution (data not shown). Thus, high selectivity of α-CSB reduction by Pd-loaded samples might be due to both the structural differences between two types of CSB and the insufficient catalytic ability of Pd to induce ε-CSB reduction. Pt and Rh have sufficient ability for CSB reduction, and this ability was enhanced by loading onto P-25
and HyCOM TiO 2 powders of relatively large surface area to induce high dispersion. Studies on structural characterization of loaded metals correlating with photocatalytic activity, especially for effective control of stereoselectivity, are now in progress.
CONCLUSIONS
A detailed study on the effects of loading of various metals on the photocatalytic activity of TiO 2 powders for PCA synthesis from L-Lys was conducted. The selectivity for oxidation of two kinds of amino groups in L-Lys and reduction of two kinds of cyclic Schiff base intermediates were found to be important factors for stereoselective production of optically active PCA. From the analyses of distribution of 15 N-incorporated products using α-
15
N-L-Lys as a substrate, it was found for the first time that the selectivity in the reduction stage can be controlled by appropriate metal loading, but the effect on selectivity in the oxidation stage was negligible, i.e., just loading of noble metals as reduction sites is not sufficient to obtain a TiO 2 photocatalyst having both high OP PCA and S PCA simultaneously. Consequently, in order to achieve optimum photocatalytic activity, i.e., Technology, Japan. SCHEME AND FIGURE CAPTIONS SCHEME 1. Proposed mechanism of the photocatalytic N-cyclization of L-Lys on platinized TiO 2 powders. SCHEME 2. Schematic procedure for conversion of ammonia with benzaldehyde into benzylamine (BA) using metal-loaded TiO 2 particles as hydrogenation catalysts. SCHEME 3. An example of determination of the efficiency of reduction of two types of CSB on various metal-loaded TiO 2 powders.
FIG. 1.
Rate (r PCA ), selectivity (S PCA ) and optical purity (OP PCA ) of photocatalytic N-cyclization of L-Lys into PCA on metal-loaded P-25 (circles), ST-01 (triangles), and HyCOM TiO 2 (squares). Open, half-filled, and filled symbols denote Pt-, Rh-, and Pd-loaded samples, respectively.
FIG. 2.
Correlation between optical purity and selectivity of various metal-loaded catalysts.
The symbols are the same as those in Fig.1 .
